Definition of the contractile state of the myocardium from force, length, and velocity relationships and measurements of ventricular pressure is a continuum mechanics approach that requires a detailed knowledge of the system under consideration or, in the absence of detailed knowledge, the use of suitable conceptual models. In this paper we proposed a simpler, though still rigorous, approach that required only a general, rather than a detailed, a priori knowledge of the system. Using the theory of thermodynamics, we gained some insight into the physical meaning of the time derivatives of the left ventricular pressure pulse. From integrations and normalizations we obtained power-density functions (energy-averaged power density and power-averaged rate of generation of power density). These functions relating the free energy in the myocardium to the pressure in the blood did not require geometric considerations, and they furnished, to a first approximation, a quantification of the contractile state in a population of 26 normal dogs under anesthesia. Moreover, the functions clearly separated the normal state from abnormal ones created by drug intervention, not only in the same dog, but also in different dogs. The functions appeared to be insensitive to volume loading. In two patients studied before and after surgery, these functions also showed significant changes.
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maximal velocity of shortening myocardial tension time derivatives of ventricular pressure theory of thermodynamics force, length, and velocity relationships contractile elements contractility models of muscle and ventricle propranolol isoproterenol dogs man • During the last 15 years there has been increasing emphasis on the study of the intrinsic properties of the myocardium. This research has resulted in important contributions to the definition of a contractile state of the myocardium in terms of force, length, and velocity relationships (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . However, interpretation and extension of this evidence on the basis of simplifying assumptions, conceptual models of muscle, and particular geometric configurations of the contracting ventricle have elicited some conflicting views (14) (15) (16) (17) .
In this paper we used fundamental thermodynamic theorems in an attempt to gain some insight into the physical meaning of quanti-ties more accessible to our measurements. Through this analysis, we came to think of contractility as the potential to perform work which the ventricle is capable of generating during isovolumic contraction. By integrations and normalizations, we obtained power-density functions that, when applied to our experimental data, defined, to a first approximation, the contractile state of the myocardium in a population of normal dogs. Moreover, these functions separated the normal state from abnormal ones created by drug intervention, not only in the same dog, but also in different dogs. 521 have a definite place as a powerful method of analysis of biological problems (18, 19) . For muscle, Wilkie (20) used thermodynamic considerations in an extensive evaluation of the significance of heat measurements. Podolsky (21) used such treatment to describe muscle as a mechanochemical system. Caplan (22) , using irreversible thermodynamics, formulated a theory capable of predicting the force-velocity relationship found experimentally by A. V. Hill. Wilkie and Woledge (23) confronted Caplan's theory with other known aspects of muscle behavior.
THERMODYNAMICS AND CONTRACTILE STATE
We used available theory to characterize the contractile state of the myocardium in the intact heart. This required careful bookkeeping of thermodynamic variables and functions as they apply to mechanochemical systems.
Combined use of the first and second laws of thermodynamics yields one of the most important equations for our bookkeeping, the Gibbs equation, which, for a limited case, can be written as dt7 = TdS-PdV + f<H + 2/i,dn,, (1) i where dU is the infinitesimal change in internal energy of an open system, TdS is the entropy term, which for an irreversible process represents an internal change in heat plus the heat exchanged with the surroundings, and the terms to the right of the minus sign are work terms. dV is the change in volume of a compressible fluid performing work of compression, PdV, under a pressure P; -dl is the change in a characteristic length in a mechanical system performing work, -fdl, under a force /; and -dn ( is the transport of moles of the ith component while chemical work, -X/xtdri{, at a potential (it is being performed.
Since our argument revolves around the concept of a potential to perform work, rather than around the work itself, we used the freeenergy function as a mathematical representation of the potential. Because most living processes take place at constant volume (dV/V 0 =* 10~5), pressure, and temperature (19, 23) , the Helmholtz (F) and Gibbs (G) free-energy functions are identical. Thus, for Circulation Research, Vol. XXX, May 1972 any conditions, the change in free energy is dFoidG = dU-TdS-SdT.
(2) Substituting from Eq. 1 for dU, d F = -S d r -P d V + /dZ + 2/*idni, (3) and, for the chemical reaction alone,
where v { are the stoichiometric coefficients of the reaction, df is the degree of advancement of the reaction in the positive direction, and -Xvtfii is the affinity, A, or the driving force of the reaction. Consider the simpler case of a muscle fiber shortening a length -dl while lifting a load, L, for a distance dx along frictionless guides as in Figure 1A . The first work term, PdV, the work of compression, is frequently separated from the other work terms which are called useful work, W : dW = dW -PdV.
(5) Although it is a common misconception to consider PdV to be unuseful work (24) , it is clear that, for the system in Figure 1A , the work of compression is negligible since neither the volume, V, of the muscle nor the pressure, P, changes significantly.
Muscle is considered to be a mechanochemical device composed of two subsystems-a chemical reactor (subsystem B) and some mechanical element (subsystem C). For subsystem B (6) obtainable (7) The actual work, W B , obtained from subsystem B is less than W Um ax by some efficiency factor that we will leave implicit. Now, subsystem B performs work, W B , on subsystem C and thus causes an increment in the free energy of C. In turn, subsystem C performs work, -fdl -hdx, on the surroundings with a corresponding decrease in its own and the maximal work, W/ (max , from the subsystem is A: 
The combined work of subsystems B and C is (9) (10) Eq. 10 shows the coupling between the mechanical force in the muscle and the degree of advancement of the reaction as a function of the affinity of the reaction.
Further treatment for a small deviation, F(Al, Af), from equilibrium leads to useful cross relations (18) such as at 0A (11) Eq. 11 states that for a mechanochemical coupling the advancement of the reaction changes the force and that, in turn, a change in length will affect the affinity of the reaction. Experiments show however that the driving reaction can proceed even if the muscle is prevented from shortening. Therefore, the coupling must not be complete (22) . Then, we can rewrite Eq. 8 for the special case of isometric contraction as (12) Eq. 12 states that during isometric contraction only chemical work takes place in the muscle.
Taking the free-energy function at any point along the isometric phase, the potential to perform work at that point is = . X/X(d»if = -Ad£ = dWc = -dFg (13) In other words, the potential for work in terms of the free energy is given by the driving force and the degree of advancement of the chemical reaction at the point. Then, the equality between the extreme left of Eq. 13 and the extreme right implies that as the reaction proceeds under isometric conditions the free energy of the mechanical element continues to increase.
THE VENTRICLE
Consider the ventricle filled with incompressible blood. (The thermodynamic assumption of incompressible liquids holds as a good approximation up to several hundred atmospheres of pressure, but it remains an approximation at all times.) For an idealized differential element of unit mass from the ventricular muscle, the mechanical force, f h is the sum of the forces in the tth direction, and -dZi is the change in length due to shortening in the same direction. There are two main systems, the ventricular muscle and the blood, within the ventricular cavity, but there is also a third system outside the cavity, the arterial tree, against whose resistive force the ventricle must discharge its blood. Figure IB shows a plausible representation of the arrangement of these systems. It is not a conceptual model but a simple device to organize our thoughts.
Again, the work of compression, PdV, is negligible since the volume of the incompressible blood does not change significantly and dV -0. (There are cases of significant PdV work in biological systems, i.e., the compression and expansion of air by the thoracic cage to displace plugs of mucus through the airways during coughing.) Because PdV or JPdV has been the traditional term used in the literature for the work of the ventricle, one may attempt to preserve it by thinking that dV represents the change in volume of the ventricular cavity. However, work is energy in transit across the boundaries of a system and requires a suitable work acceptor in the surroundings (25), i.e., the load lifted in the gravitational field ( Fig. 1A) or the blood ejected against the resistance of the reservoir (Fig. IB) . Without acceptors, the muscle will contract but no work will be produced, and the ventricular cavity will change its volume, but no work will take place. For our analysis, it is best not to preserve the term PdV for the work of the ventricle because, if preserved, it would cancel the useful work terms in Eq. 5, and this would be inconsistent with the theory. (Our requirement of consistency does not detract from the results in the literature obtained by using PdV for the work of the ventricle; the difference arises in the interpretation of the physical meaning of the term.) The work that the ventricle does perform consists of displacing a slug of blood of constant volume, V, across a distance dx in the face of a nonlinear resistance offered by the pressure, P r , in the arterial reservoir.
Alternatively, we may write the work of the ventricle, W v , as d W^P a d x , (14) where P is the force exerted by the ventricle per unit area, a, and dx is the distance over which the volume, V, of blood is displaced. Although adx has dimensions of volume (L s ) and the expression PdV for the work of the ventricle would be dimensionally correct, it would still be inconsistent with the theory. On the other hand, if we write
then
which is consistent with the theory. Now, from Eq. 15 
Eq. 19 indicates that during isovolumie systole (dx=0) the pressure, P, increases with the advancement of the chemical reaction, d£; since from Eq. 18 Ad£ is positive, Eq. 19 also indicates that the free energy, i.e., the potential to perform work, continues to increase in the mechanical element. The potential to perform work is intrinsic to the myocardium, but the ability to convert this potential to actual work depends on conditions external to the ventricle, i.e., the load or resistance offered by the arterial reservoir. Thus, actual work cannot be used as a measure of the potential to perform work. However, assume a hypothetical cycle where ejection takes place at any value of ventricular pressure, P*, during isovolumic systole in the face of a constant arterial resistance. (Note that there is nothing more unreasonable in this hypothetical cycle than in the idealized reversible cycles of thermodynamics.) Then, the decrease in that fraction of the free energy that would not be degraded into heat, F', would be equal to the work that would be performed at P*:
where aAx is the volume of the slug of blood that would be ejected with dV -0.
Thus, if P Kn is the end-diastolic ventricular pressure, then, the relative increment in free energy in the ventricle at any stage of isovolumic systole is
n I (21) If we take aAx to be unity, the change in free energy per unit volume, AF', is
Assigning the standard free energy per unit volume occurring at end-diastolic pressure, F'\P E D, and dropping the sign
For convenience, the isovolumic developed pressure is now redefined as p, so that AP = p.
Then, differentiating Eq. 23 with respect to time dt (24)
Eq. 24 states that the rate of generation of free energy in the ventricle per unit volume of blood that would be ejected, i.e., the power density, is equal to the first time derivative of the isovolumic developed pressure. Similarly, differentiating Eq. 24 with respect to time,
which states that the rate of generation of power density is equal to the second time derivative of the isovolumic developed pressure.
Since p(t), p'(t) and p"(t) are explicit functions of time, they do not characterize the entire phase of isovolumic systole. An appropriate system of coordinates should make the independent variable, time, implicit and express the quantities of interest not with respect to their time course but with respect to variables indicating more directly the state of the system. Thus, a plot of p' vs. p in x-y coordinates represents the power density generated at each energy-density level of the system. Similarly, a plot of p" vs. p' represents the rate of power-density generation for each level of power density gained by the system. Integrating and normalizing the plot of p'(t) vs. p(t) we obtain the energy-averaged power density (APD). Again, integrating and normalizing the plot of p"(t) vs. p'(t), we obtain the power-averaged rate of power-density generation (ARPD). Mathematically
Pmnx J 0 where 0 = t t at the onset of isovolumic systole and p max = t 2 at the time of opening of the aortic valve. Similarly, the power-averaged rate of power generation is
•"dp', (27) where p'max represents p'(t 2 ).
We will test the usefulness of APD and ARPD as indicators of changes in the state of the myocardium with our experimental data.
Methods
Experiments were carried out on 26 mongrel dogs weighing 10-13 kg and anesthetized with 1 mg/kg body weight of morphine and 80 mg/kg body weight of chloralose. The thoracic cavity was not opened. A bipolar catheter was placed in the right atrium through the jugular vein and atrial pacing was achieved with a Grass S-88 stimulator. The primary variables that were recorded were left ventricular pressure, aortic pressure just above the aortic valve, and electrocardiogram. The pressure-recording catheters were passed through the carotid and femoral arteries. In 20 dogs, the pressures were recorded with catheter-tip manometers with a natural frequency of approximately 225 kHz which were mounted on no. 7 French catheters (Kulite, QI-080-J). This system was particularly free of mechanical artifacts. In the other 6 dogs, the pressures were recorded with no. 7 NIH catheters connected by 6-feet USCI 7844 Teflon lines to linear variable differential transformers (Hewlett-Packard 267). The frequency response of this saline-filled catheter-manometer system was flat, at the most, to 18-20 Hz, and the system produced frequent "whipping" mechanical artifacts. The conditioned signals were then supplied simultaneously to a Brush direct-writing recorder (Mark 200), a Hewlett-Packard 7-channel analog FM tape recorder (model 3907-06 A), a Tektronix (502-A) oscilloscope, and a switching panel interfaced with an EAI TR-48 general-purpose analog computer and an EAI DES-30 digital logic system.
The following operations were performed in the analog-hybrid computer, both on-line during the experiments and off-line at the time of data reduction from the magnetic tape: (1) continuous subtraction of end-diastolic pressure from left ventricular pressure, (2) differentiation to obtain the first and second time derivatives of the left ventricular pressure pulse, and (3) subtraction of aortic pressure from left ventricular pressure in such a manner that when the difference was zero an electronic comparator and an electronic switch were triggered to generate a blanking pulse indicating the approximate times of opening and closing of the aortic valve.
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Experiments.--The protocol of the experiments was extremely simple in concept: we tried to obtain recordings and computations of the variables of interest in a representative group of control dogs with minimal manipulation in times sufficiently short to prevent deterioration of the preparation while adequate atrial pacing was maintained. The 26 dogs considered in this report met this set of criteria. In all other dogs in which these conditions could not be met, the experiment was abandoned. The dogs were allowed to breathe room air through an endotracheal tube. No pharmacological or other type of intervention was used in 17 of the dogs. Nine dogs were subjected to drug intervention. In 3, 0.5-1 /xg of isoproterenol was given intravenously and, after the animal returned to control conditions, this was followed by 0.5 mg/kg body weight of propranolol. To eliminate any possible interaction between the drugs, propranolol alone was used in 3 dogs and isoproterenol alone in another 3. Finally, 4 dogs were subjected to volume loading by injection of low molecular weight dextran at a rate of 75-100 ml/min through a large-bore catheter inserted into the inferior vena cava. Figure 2A presents a plot in the x-y plane of p' vs. p. The openings in the dark lines represent the approximate points of opening and closing of the aortic valve as computed from the continuous subtraction of aortic and ventricular pressures. Similarly, the stippled area corresponds approximately to the phase of ejection. Figure 2B shows a similar plot in which the z-axis of the oscilloscope was modulated at 5-msec intervals.
Results
The upper part of Figure 3 shows three plots of p' vs. p generated in the analog computer and corresponding, respectively, to the control, isoproterenol-treated, and propranolol-treated dog. The fourth plot on the extreme right is a multiple-exposure photograph combining the first three plots. Note the common segment in the initial rising portion of the tracings which lasts for at least the first 25 msec of isovolumic contraction. The lower part of the illustration shows a digital plot of the same variables generated by a generalpurpose digital computer from recordings from another dog in this series of experiments. Note that it shows similar changes and that the common segment can be seen in this plot. A common segment was also observed in multiple-exposure photographs of tracings from different control dogs (Fig. 4) . Figure 5 depicts plots of p" vs. p' for the control, isoproterenol-treated, and propranololtreated dog. The plots are limited to quadrant I in the x-y coordinate plane by the use of absolute value circuits. For most purposes in this discussion, it will suffice to display only the quadrant of interest. This does not mean that other quadrants do not contain useful information. Figure 6A presents a convenient way for direct comparison of values of APD by normalizing the x-axis. The plot then becomes p' vs. p/pmax-Similarly, Figure 6B shows the normalization of ARPD by plotting p" vs. p'/p'mzx. Table 1 shows values of APD and ARPD for the control condition in the 26 dogs. The major difference between the data obtained with the catheter-tip manometer system and the saline-filled catheter-gauge system was the appearance of spurious "looplets" in the tracings in the x-y plane for the saline-filled system. These looplets originated in the whipping mechanical artifacts so frequently seen with the fluid-filled system, and they precluded integration in the computer of the area under the major true loop. However, when the integration was performed manually with a compensated polar planimeter and the spurious looplets were disregarded, there was no statistical difference between the values from the catheter-tip manometer system and those from the saline-filled catheter-gauge system. Figure 7A and B shows the percent frequency distribution of normal values of APD and ARPD. Table 2 shows the values of APD and ARPD in dogs given isoproterenol and propranolol. The differences from control were statistically highly significant.
In the 26 dogs, diastolic aortic pressure varied significantly from dog to dog and ranged, in the control animals, from 80 to 120 mm Hg. This gave us an opportunity to test the independence of APD and ARPD from the load offered to the ventricle by the arterial reservoir. The left of Figure 8 shows an undesirable correlation (r = 0.72) between APD and aortic diastolic pressure. On the other hand, the right of Figure 8 shows a complete lack of correlation (r = 0.17) between ARPD and aortic pressure. Table 3 shows the effect of increasing enddiastolic ventricular pressure by volume loading on APD and ARPD. The mean value of APD for all the values of end-diastolic pressure during volume loading in the four animals was 2.5 X 10 3 ± 0.5 X 10 3 (SD) mm Hg/sec, and this was not statistically different from the control value (t = 0.3 for 36 degrees of freedom). The mean value of ARPD was 97.2 x 10 3 ± 34.3 x 10 3 (SD) mm Hg/sec 2 , and again there was no statistically significant difference from the control value (t= 1.0 for 36 degrees of freedom). When the Student ttest was applied to the worst case, i.e., the maximal deviation shown by each dog during the volume loading, the mean value of APD was 2.8 X 10 3 ± 0.7 X 10 3 (SD) mm Hg/sec, Circulation Research, Vol. XXX, May 1972 and this was not statistically different from the control value (t = l.l for 28 degrees of freedom). The same results were found for ARPD whose mean value was 103.9 X 10 3 ± 27X10 3 (SD) mm Hg/sec 2 . These data are plotted as the percent difference from control for each dog in Figure 9 . The vertical bars indicate the percent limits between 1 SD above and below the mean for control, isoproterenoltreated, and propranolol-treated dogs. It can be seen that changes induced by volume
Multiple-exposure photograph of tracings of p' vs.
V[jV f rom six different dogs under control conditions. Four consecutive systoles were recorded for each dog. Note common segment despite different loads offered by the arterial reservoir.
loading remain, in general, within the limits of the individual variation of the entire control group. ARPD, being a more sensitive indicator of a change of state, shows a sharper separation between the variation during volume loading and the significant changes induced by drug intervention.
Discussion
It is generally recognized that the largest portion of the oxygen consumption of the myocardium occurs during isovolumic contraction. Burton (26) states that energy is being used to maintain tension, and much of the fundamental work based on the continuum mechanics approach has been directed toward the study of the ability of the myocardium to generate tension during isovolumic systole.
It is possible that with increasing knowledge of the details of the system the mechanical approach may lead to the ultimate clarification of many unanswered questions. However, it does not seem necessary to wait for such knowledge if the objectives are limited to a definition of the state of the myocardium. In this report, we propose such a definition on the basis of the simple thermodynamic consideration that the ventricle is a device capable of increasing its free energy during isovolumic contraction. This concept, Plots of p" vs. p' confined to isovolumic systole showing three experimental conditions in the same animal. The smaller loop inside the tracings for isoproterenoltreated dogs represents the increased second positive peak of p" and is of no interest for the current discussion. Each photograph includes ten consecutive heart beats to show the consistency of the function from beat to beat. ARPD = mean rate of generation of power density. or at least its physical implication, is well recognized in physiology, e.g., Wiggers and Katz (27) , Burch and De Pasquale (28) . The free-energy function is a thermodynamic potential that characterizes the state of the ventricle, and its relationship to the pressure in the blood within the ventricular cavity can A: Plots of p' vs. p normalized with respect to p max in the control (middle), isoproterenol-treated (top), and propranolol-treated (bottom) dog. The area under the curve is equal to l/p max ip'dp. B: Plots of p" vs. p' normalized with respect to p' max for the three treatments in the same dog. The area under the curves is equal to l/p' ma Jp"dp'.
be derived directly from the thermodynamic analysis. From the thermodynamic relationship between pressure and free energy, we have derived power-density functions that cluster closely enough with a reasonable standard deviation and frequency distribution to justify, as a first approximation, a quantitative definition of the control state.
After drug intervention, the changes in density functions were so reproducible and statistically significant as to indicate satisfactory sensitivity to detect changes in state. APD = mean power density (mm Hg/sec; ARPD = mean rate of generation of power density (mm Hg/ sec 2 ). The values of t for the differences between groups for 24 degrees of freedom were 0.95 for APD and 0.42 for ARPD. P was 0.40 for APD and 0.92 for ARPD.
Although both of our density functions were satisfactory to define normal state and changes in state, only the mean rate of power-density generation (ARPD) passed the test of independence from the load offered to the ventricle by the arterial reservoir: there was a complete lack of correlation between ARPD and aortic diastolic pressure. The different behavior of the functions should not be ascribed to the noisier nature of the second derivative. Actually, and because of the very nature of their construction, the two density functions have different physical meanings and can exhibit different behavior.
It was difficult to test the independence of the density functions from initial fiber length within the context of the experimental protocol which was designed first to define the
Values of APD and ARPD after Treatment with Propranolol or Isoproterenol
Dog APD (X 10") ARPD (X 10») 7 control state in a population of closed-chest dogs and then to refer any changes due to intervention to such a control state. Simple volume loading elicited compensatory mechanisms which interfered with the experiment. The most consistent difficulty related to the tendency of the dogs to escape atrial pacing as soon as their blood volume began to increase. Nevertheless, the results in four dogs whose atrial pacing could be maintained indicate that the variation in density functions remained within the normal range for the control state and well apart from the significant variations induced by drug intervention. At any rate, whatever variation existed could have been due to (1) limits of experimental error, (2) some small undesirable sensitivity of the density functions to changes in initial Left: Undesirable correlation between mean power density (APD) and aortic diastolic pressure.
Right: Desirable lack of correlation between mean rate of generation of power density (ARPD) and aortic diastolic pressure.
fiber lengths, or (3) some actual small change in contractile state during the complex circulatory adjustments that take place during massive volume loading. An observation of interest was that the first portion of the rising trace of p' vs. p follows the same path for control, isoproterenol-treated, and propranolol-treated dogs (Fig.  2) . This common segment also appeared in superimposed tracings from different dogs (Fig. 4) . In both cases it lasted for the first 20-25 msec of isovolumic contraction. It would seem that in a normal myocardium the drugs used in our experiments did not affect this Left: Percent variation in mean power density (APD) as end-diastolic ventricular pressure increases during volume loading. Right: Percent variation of mean rate of power-density generation (ARPD) as end-diastolic ventricular pressure increases during volume loading. Data points identified with the same symbol correspond to one animal. The vertical bars identify the normal variation in control dogs and the significant variation that takes place during drug intervention.
common path. On the other hand, by observing the tracings of San Martin (29), who used this plot on the basis of the phaseplane argument, it appears that experimental acute myocardial infarction produces tracings which do not have a common segment with the control tracings. The question of interest is whether the density functions would have the necessary sensitivity to detect more subtle changes induced by disease processes and, in particular, if they could have any usefulness in man. Obviously, we cannot answer this question from the experiments presented in this report. However, we have evaluated them in two patients before and after surgery who, presumably, should show changes in contractile state. Figure 10A shows the mean power density and mean rate of generation of power density at the time of cardiac catheterization in a patient with anginal pain. Figure 10B shows the same functions 1 month after a venous bypass to the coronary bed had been established and the patient was free of pain. Figure IOC shows the same functions 1 year later when anginal pain had reappeared and an angiogram taken immediately after recording the functions showed that the bypass was occluded. Figure 11A and B shows similar preoperative and 1-month postoperative data from a second patient who was free of pain and whose graft, fortunately, remained open.
No statement can be made from data on two single patients, particularly in the absence of data for the control state in humans. APD did not seem to be sensitive enough to detect the, perhaps, more subtle changes taking place in these two human subjects. In a Tracings from a 39 year old patient with angina. A: APD and ARPD at time of initial study. B: One month after surgery when patient was free of anginal pain. Sote marked increase in ARPD. C: One year after surgery when anginal pain had recurred and the bypass graft had become occluded. Note return in the value of the functions to preoperative levels. Extraconvolutions in the tracings around end-diastolic pressure and around the maximal value of p LV result from the differentiation of whipping artifacts produced by the saline-filled catheter-manometer system. The small size of the p" vs. p' loop in A and C, combined with the high intensity in the beam of the oscilloscope, made photographic reproduction of the'e tracings difficult and necessitated manual retouching.
more descriptive way, one may think that the most important factor is not how much power density is being generated but rather haw fast Tracings from a 54 year old male with myocardial infarction at age 46 and angina decubitus. A: APD and ARPD before surgery. B: Same functions 1 month after construction of a venous bypass to the coronary bed. Note marked increment in ARPD with practically no change in APD. A catheter artifact on the rising portion of the tracing of p' vs. p is markedly exaggerated on the tracing of p" vs. p'. We disregarded this hump in the integration.
such density is reached. This consideration and the fact that APD is dependent on arterial load would seem to make it somewhat undesirable as an indicator of contractile state. On the other hand, much more experimental and clinical work will be required to establish the seemingly promising value of ARPD as defined in this report.
